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ABSTRACT

Nom~al  modes and power ahsm pt ion distributions  in microwave cavities containing lossy
dielectric samples were calculated fo~ prob]cms  of int crest in materials processing. l%e
calculations were performed both usiup,  a (:<)~rlll  tcrcia!ly  rwa.i)able  finite- difficnce  electromagnetic
solver and by numerical evaluaticni c}f exact  tirlfi  Iytic  expressions. Rcsuhs obtained by the two
methods applied to idcnticat  physical situit  ti(ms v:ere cmIIpvtd.  OUI studies validate the accuracy
of the fmhc-difllxmcc  electromagnetic .solve~. Ma! i vc advantages c~fthe  analytic and fmitc-
difference methods are discussed.

INTROIXJCTION

Use of exact analytic expressions p~ cwidt:s  a: curate  and relatively fast results for
electromagnetic problems with sufficic~dly  sill~plc  geometries. Numc]ical electromagnetic solvers
ean treat complex geometries, but with lCSS (w t Hi n acnmmy. Ille cooperative tiort  discussed in
this paper ripplied  and cumpard  both n\ct40ds  t.} the ropxesentative  problem of a lossy ceramic
rod situated along the axis of a cyltridricid  w Ay rem or t o validate t Ilc numerical approach, and
to begin a lcmgcr-tcrnt effort to take ticlvmita~,e  (If both approaches (a~~d  possibly also of
approw”rnat  e analytic methods) in solvinp,  ]11 Me, I IS rchacd to miwov.wve prcwssi.ng of materials,

DESCRIPTION OF THE STEA1 )Y- S’I’AJ’1 h4( )1 )Iil /

I The relatively simple rnodcl consists of’ a c]o.md nmtal cylindrical (w& reactor with an
alurnina-like ceramic rod positioned alol~  the cm[ire length of the axis of symmetry. The cavity
radius, pG-4.69 cw and length, 6.63 cm, (o1 ~espond  tct a 2.45 GHz resonance fiqwney  for the
empty cavity WO1O  mode. Rods with WWUA1  dlfhrcnt  values  c)f radius were rnodcled.

I DESCRIPTION OF THE ANALY’’’ICIC  hft “J J 10) )

Ellcctromagnetic  properties of the ntic[owww twity leactor represented in the model described
above were treatwl by analytic methods at .lI)J. [ ] ,2]. 3’o acmunt  for radial variations of the
complex dielectric constant the lossy dichw{ rir M ~ lqdc (the rod) is pa! litioned into thin cylindrical
zones, or sheik+, each of which is assumed to l)aw unifo~m prc]pwtics.  The vacuum (or au) space
around the rod is one additional ZOIIC.,  with rcbtit  c dickzttic  c,onst  ant of unity.  The curved cavity
wall may also be taken as one zone irt cvder I.(I in. Me wall losses. Treated a~ a perfect electrical
conductor, that zone is omitted and an appr OJN ia~ c boundary condition is imposed.

Maxwell’s equations can be solved wa~tly fo: this skll model using a 4x4 matrix formalism
originally due to Sphicopoules,  Ihi nier, d (~aIdIol  [3]. I“he nomal modo frequencies are
calculated as complex-valued roots of 8 cm iplcx.  valued  de~erminant, using a root finder
developed at JPL. Ordinary matrix me~h(ds  were then used to determim  certain expansion
coefficients that occur in expressions f 6] nm Jrid I rmde Mds. ‘J’he fommlas fc]r this procedure
provide rapid and efficient means for e valual  i~lg n~wnal mode electric and magnetic fields and
power absorption density.
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h the cxact  so~ution  method just dcw.lil~d,  the flrd cnd plates  are treated as pcrfkct  e]ectncrd
conductors. If des”kl,  rnicrowavc. pclwel at.m~ ption in the end plates can be calculated horn  the
adjacent magnetic fields and a st.nfaw ms;stancc  approximation. The end-plate losses can then be
combined with the results of the cxrtcl  $dll~k)n  (assuming ]osdcss end plat~)  to ctdda~ the Q of
the cavity that irrchrdes aIJ the 10SSCS. in tiddition, the field strengths inside the cavity are
renorrnalized so that they correspond to R spwificd value oftota]  power dissipated in the sample
and cavity walls, including the end plates,

DESCRIPTIOFJ OF”THE FIIQITJ’&INFJv :Rlm!CIZ (ODE

The Jinitcidiffkrence  code used in this st(~dy ~as  the fl equency  domain module for modes of
rcsonancx wmtained  within the cJwtc)tIlagl~cticJl~l~n~a-  physics code known  as MAFIA (for
“MAxwell’s equations by Finit~l]itc.~,r u! Al~40riI  hm”). Manwl!’s equations are transformed into a
set of JMJy self-consistent diwietc  1 ml r ix t:q Hat ions arid solved (without sources). Two- or thrce-
dimcnsional  goomct.ries  may be tl cated M’it  h t}lc latwt rclca.w (MWJA 3 .20), no-loss, IOW-1OSS,
and lossy solvers are alJ available  for solviti~  fo[ lhe I esommce ii cqucncy  and the field patterns of
the modes. The solvers which treat 10SS)I d it km I ;CS rrccount for finite conductivity. The post-
processor is also able to compute the al qN oxirmfc losses from the no-loss field solutio~  given the
relevant material properties. Skin. efYecI Iosscs i! I conducting walls are evaluated using the
magnetic field adjacent and paratlel to the. w~l] wrface, a~ in the treatment of end walls by the
analytic method,

Time domain modules that account fm murc.r.s of mic[owavc  power are also available withjn  -

MAFIA. An extension of these modules that, will treat nonlintztr (ternperahtr~dependcnt)
materials is now being tested by the wdc d cvdcqw,  (km~]mter Simulation Technology (CST) in
Darmstadt,  Germany.

COMPARISON OF RESULTS

The fitqucncy  vs. normalized sod J adiu< foi Ik TM() I o and TM)] O modes using the two
methods are c.onipared  in F~g. 1. FOJ I}K rlllliw’iral approac];  a 10OX1OO uniform rt%tanguktr
mesh was used, The agreement is cxmdlcnl, I.hc Irm,xinlun] deviation being about O. 10/o. Fig. 2
shows the comparison of results from t Iw t WC) mv[ hods for quatl  y factor duc to losses in the
diclectr-ic  using the ‘I’MO1O mode. Sirnilf)l  ]} excxlltmt  agrccnwnt  was obtained with the TMI  10
mode.

In Fig, 3, results are compared fiw powt I dei Isity vs. radius  with thlee different rod sizes,
using the ~010 mode. Fig. 4 shows cquivakml. ~ csuhs for two rod siiics for the TM] 10 mode.

Table 1 compares results for the lmver  fI cLjucIIcy  Hybrid-l 11 mode. For t}is case the relative
diektric  constant is 8.5459 and the loss targcnt IS 0.0005S9. With sorih a low loss case, the
results from the lossless  and lossy solvvis  a~ c fc~u 1 d to bc in good agrtmmcnt,  as expected.
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T a b l e  II. Compar;y?n  {!f.
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T@lc II compares results for Ihc. l’hf(~ I () rnf de with a relatively high loss tangent, 0.4. With
such high loss the results from t}lc k)ssy solver should bc more accm M e than those from the
10SS1CSS solution. The compariscm  of results  fi (~?il the nutncric rrpproach to those from the analytic
approach confirms this assumption.

Tabk  III compares msuks for tlic’] Nl( ] ) o Ii I de with linearly varying complex dielectric
constanl  as a function of radius. k’orty slit  II I c$ons WC.IC.  used to repracnt  the rod with both
approaches. The relative real dielectric const anl varies fi orn 15 on axis to 10 at the surface; while
the imaginary part varies from 0.75 to 0.5 ‘~ his choice  Icsults  in a constant loss tangent of 0.05.
The cxccllent  agreement betwctn  the ca]col;jt  iol  I methods validates t}m approaches for treating a
spatially varying dichxtric cxmstrmt

Table III. Comparison of Results fc}],1 “~~~ ]o_Modc,~,lna~l Varyi~  Dielectric Constant _
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The good-to-cxmllent  agrexmwnt  t y}!icf:  I ofth results provides mutual validation of the two
basjc approaches. Either method can p~o~~i :ic da ailed resu]ts for parametric variations, even for
quite ]ossy materials. !Xnce the analytic  Iuodc!  gj vw exact results, the diff”wtmccs between the two
approaches due to diffiircnt  sample siizes  w pr ope~tics,  modal field patterns and/or frequencies can
be evaluatd.  This is very beneficial to a({ju (;titig, ]Iumcxica]  mc)dcling parameters to best obtain
desired accuracy with more cornple.x gcmm:t  r its }“or exalnp]e, results for the quality factor clue to
dielectric loss in a rod with a/pc=O.4  ck.via[  cd by 0.16% using the TMOI O mode (and still jcss for
the TMo2o mode), when the mesh was c.lml~f,tvl  i 1 om l(Kkl(JO to 5M0.  Results for the 100x100
mesh had been vahdated by the analytic a~q 1 r oa.c)I 1 lowcvcr,  the deviation from the validatd
results jumped  to O. 50/. using a 30x3 O n KAI Simi lady, the freque[lcy of the two modes changed
less than O. l% going to a 50x50 nwh, twi thr dcviaticm  for the “1”M020  mode frcquen~  jumped
to 0.480/. for a 25x25 mesh.

ADVANTAGES OFI“HEANALY’11(1 AI’J-’RW>(X

‘1’he analytic approach can typically ])] owck hiy,h]y accurate  solutions to sirnplc electromagnetic
problems much faer than numerical  IW?lkJ(ds such as the frnitc-difference approach. This makes
extensive parametric studies more cxxmcm  {k ally  ftasible.  ‘Me exact formulas provide a ready
means for detailed evaluation of the. solut icm,,  >~s d nsirec).  This approach is also bettor adapted to
solving problems where both elcctron~a~lwtic  :4 nd thermal properties shmdd be calculated scM-
consistcntly,  e.g. when realistic thermal ~ ~ nisjiviiirs  of bc)th the san~plc and the cavity wall are
required in the model.

PflGE .136



88r *8\  LL .W .LJ. +J vtfm JtIIY rIi LJ ctllfi,x) r  cmLr8rf2L07<.
,.,

. , .

ADVANTAGES OF THE NUMER.I(;AI , API’KOACH

Whereas tho analytic approach is Iimitd  to }l~oblcrns  with relatively simple geometry and
-etry, the numerical apprc}ach  cmiskk  cd t Ictc is limited primarily by the ability of a
computer to SOIVC the problem discret  i m.:t 011 iI MM]; arid to accomplish this in a ‘reasona.blc”
time. This means that the overall prc)blc;ri Size should not be cxtwmcly large compared to the
smallest detail (including electron ~agnclic  firld ~wial.ions  as WC1] as geometrical model variations)
that must be resolved on the mesh. Wlt}I tbt limitation  geometries cm be quite complex. The
multi-solver numerical code is also (Lf!JJi3h]IP  of so)virrg many aspects c~f complex problems and a
great variety of simple problems. F’or ux al rIj de, in the analytic approach for a cavity reactor a
source of excitation cannot be readily  inc)l,)dc.cl iti the mc}del,  whereas the time-domain numerical
code solver can provide the multi. mock s.~dutiorl for a reactor latgc compared to the wavckmgth
of the drive signal, and even pem>it  thr clmi: c tlf pu]scd, transient, CM sinusoidal microwave drive.

BENEFITS Ol? ‘lWO-METHOD  A1)I’ROAC}I  “.I’C) S01 .VING IWA1., PROBLEMS

Through appropriate application of CM h of t IW rrwthods  described, the advantages of both
methods can be exploited. For cxan]plc,  pti,t tmwt~ ic st udie.s of a simple mode! can be rapidly
pcflorrned using  the analytic approach, an(i m approxhnate  optimum set of parameters extracted
from the results, This can then bc UWA3 [JS ii p,cml  point-of-departure design  for rigorous analysis
using the numerical approach. in ge~iet  al, this WIN result in better designs achievd  in a shorter
time. For solution of problems  of ul~usua[  w~urt  or material properties, it is valuable  to start with
mutual validation of the two approaches 1 )y api)lying  them to a rcpre.wnt ative, sufficiently
simplified version of the problem, h this viay ally  significant errors in eithe~  approach maybe
dctwtcd.

APPL1CATION TO PRC)BI.,.EMS  U’] ‘J‘11 CYJ..) NH)R.I CA] ., G130MEI’RY

In general, the two-method rqqIY WW.11 is uwf(~l fdr valirla~ion of ncw vmirttions  in method,
mutual validation of analytic and niIII )CI ica! solutions  to specific  problems, and evaluation of
numerical error. I’he following is a ] cp] w nt fitiv~t  hst of’ possible problems for using the two-
method approach discussed abovo.
1.

2.

3,

4.

llieltic constant mtmauremerds  for a lal $C I tinge of sample s.kcs and a large range of lossy
dielectric materials (not lirnitcd to snlall  sample. size rmd low-loss materials needed for cavity
perturbation theory).
inverted temperature profile in Inatcl ials pIoc.ewirig,
a. chemical vapor filtration
b. improved grain charactcristh  for ltigl~  c[it ~{~al CLJr 1 ent in lUSJ Tc superconductors.
Fiber coatingc determining optir[lu[t)  cqmr im(’!’lta[  processing conditions for heating the fiber as
its diameter increases.
Utiorm heating of a fluid flowing in a ( yl[rldl ica] tube..

FUTURE  JOIN3’ EFFOR.TS

The following is a list of joint  eflcwts t }~~ ir] e Jhmed or under  consideration: (1) comparison
of analytic and Jinite-diflkrence  results f(u t t aI lsit~~l  cmclit  ions, (2) validation of a nor-mid mode
expansion method, particularly for practical q )plmdion to batch microwave proccssin~  and (3)
application to the design of a batch.  pJ occssin~  rt;wtor.
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